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Abbreviations 
 
ANOVA Analysis of variance 
BA  Brodmann area 
BOLD  Blood oxygenation level-dependent 
CI  Confidence Interval 
EPI  Echo-planar imaging 
ES  Effect size 
FWE  Family-wise error 
fMRI  Functional magnetic resonance imaging 
FWHM Full-width half maximum 
FOV  Field of view 
hrf  Hemodynamic response function 
M  Mean 
MNI  Montreal Neurological Institute 
MR  Magnetic resonance 
MRI  Magnetic resonance imaging 
mm  Millimeters 
ms  Milliseconds 
n  Number of participants per group 
N  Total number of participants 
PFC  Prefrontal cortex 
RT  Reaction time 
SD  Standard deviation 
TE  Echo time 
TR  Repetition time 
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1 General Introduction 
The term executive control describes a wide range of cognitive processes that 
are critical for the goal-directed regulation of our behavior. Examples of these 
cognitive processes include decision making, planning, problem-solving, setting 
of priorities, sequencing and inhibition of actions, monitoring, feedback 
processing and goal-setting. Executive control allows for an adaptive regulation 
of cognitive processes which enable goal-directed stimulus processing and 
action regulation. 
Previous studies have shown that executive control performance declines with 
age. It was demonstrated that older adults (> 60 years) revealed impaired 
executive control performance as compared to younger adults (Cepeda et al., 
2001; Rosano et al., 2005; Treitz et al., 2007; Zelazo et al., 2004). 
Imaging studies have shown that during tasks for the assessment of executive 
control, a neural network including the prefrontal cortex (PFC) is active (Bench 
et al., 1993; Bunge et al., 2002; Carter et al., 1995, 1998). Especially the frontal 
lobes of the brain have been associated with age-related decline. This 
assumption is known as the frontal hypothesis of cognitive aging (West, 1996; 
Raz, 2000) and has been supported by current findings (Bugaiska et al., 2007; 
Andrés et al., 2006). 
It is now well established that executive control can be divided into several 
subprocesses which can be impaired separately (e.g., Arbuthnott, 1995; Zelazo 
et al., 1997). A recent meta-analysis of neuroimaging tasks supports the 
distinction of separable executive control processes (Nee et al., 2007). 
However, it is unclear whether different executive subprocesses are 
differentially affected during the course of aging and if they interact with each 
other. 
Botvinick and colleagues (2001) postulate executive control as a meta-construct 
in which different components interact with each other in order to cope with 
higher order cognitive functions. The authors propose that the level of control is 
regulated by bottom-up as well as top-down executive processes and that these 
processes interact with each other. 
The bottom-up regulation of executive control can be assessed by the so-called 
flanker task. The flanker task (Eriksen & Eriksen, 1974) is a visual 
discrimination task in which the participant is required to respond to a central 
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stimulus which is flanked by several other stimuli that can be congruent or 
incongruent, i.e., equal to or different from the target. As incongruent targets 
require more executive control exertion as compared to congruent targets, the 
difference between responses to both kinds of stimuli is a measure for 
executive control. Smaller differences indicate better executive control as 
compared to higher differences. 
The top-down regulation of action on the other hand can be assessed by the 
influence of feedback. It has been shown that feedback has a positive influence 
on performance in a variety of cognitive domains such as memory, learning, 
and decision-making (e.g., Ashby et al., 2002; Butler et al., 2008; Diehl & 
Sterman, 1995; Pashler, 2005; West et al., 2005). Still it is unclear if feedback 
which itself requires the exertion of executive control can improve bottom-up 
executive control performance. 
Therefore, the first study of the present thesis aimed to investigate if feedback 
has an influence on bottom-up executive control as measured by the flanker 
task and if age has a moderating influence. In a first experiment, younger adults 
performed the flanker task and were randomly assigned to one of two groups. 
The feedback group received information about their mean reaction times while 
the no-feedback group did not receive such information. A second experiment 
served to replicate the findings in a group of older adults. Effect sizes (ES) were 
calculated to enable a comparison between both age groups. 
As previous literature has demonstrated that aging is associated with the 
deterioration of the brain, the purpose of the second study of the present thesis 
was to investigate whether feedback is processed similarly in younger and older 
adults on a neuronal level. Event-related functional Magnetic Resonance 
Imaging (fMRI) was applied in the flanker task and evaluative performance 
feedback was provided after each trial. Differential brain activations were 
assessed by calculating a full factorial model with the factors age group 
(younger vs. older adults) and type of evaluative feedback (positive, negative, 
neutral). The influence of different feedback conditions on subsequent trial 
performance was assessed as a behavioral correlate. 
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2 Study One: Effects of performance feedback on executive 
control in younger and older adults 
2.1 Introduction 
It has been shown that older adults perform poorly in executive control tasks as 
compared to younger controls (Andrés & Van der Linden, 2000; Treitz et al., 
2007). These performance deficits in the elderly are usually explained by age-
related changes in the brain, especially in the frontal lobes. There is evidence 
that the prefrontal areas of the brain which are supposed to be involved in 
executive control are affected more than other parts of the brain during the 
course of aging (West, 1996; Raz, 2000; Raz & Rodrigue, 2006; Tisserand & 
Jolles, 2003). 
But although aging is accompanied by changes in the brain and cognitive 
decline, there is a large interindividual variability due to differential aging effects 
and compensatory mechanisms (Deary, 2005; Reuter-Lorenz & Lustig, 2005; 
Salthouse, 1996). For example, Salthouse (1996) found that many of the effects 
of age on cognition are mediated by age-related variance in processing 
resource variables.  
One factor that has also been shown to modulate cognitive performance in the 
elderly is feedback. Providing participants feedback about their performance 
seems to influence subsequent performance. In memory tasks, it has been 
shown that performance feedback led to increased performance in older adults 
(Stadtlander & Coyne, 1990; West et al., 2005; West et al., 2009). West and 
colleagues (2005) demonstrated that objective feedback about the number of 
items remembered was sufficient to improve recall in older as well as younger 
adults. Moreover, feedback led to higher motivation and goal commitment with 
even stronger effects in older adults.  
Further evidence for the influence of feedback on performance was found in a 
time estimation task (Wild-Wall et al., 2009). Wild-Wall and colleagues found 
that older as well as younger adults had a higher probability to respond correctly 
after positive feedback as compared to negative feedback. In a recent study, 
Bherer and colleagues (2008) demonstrated that continuous individualized 
adaptive feedback led to improvement in dual-task performance in older as well 
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as younger adults. This study indicated that not only memory can be influenced 
by feedback but also executive control performance. 
All in all, results suggest that feedback has an impact on the performance of 
participants in different age groups. However, the effect might be attenuated in 
older adults as compared to younger adults (West & Thorn, 2001; West et al., 
2001). This attenuation might be due to weakened phasic activity of the 
dopamine system in older adults which seems to be involved in feedback 
processing and the allocation of attentional resources (Nieuwenhuis et al., 
2002; Wild-Wall et al., 2009).  
The aim of our study was to investigate if feedback has an influence on 
executive control performance and whether there are differential aging effects. 
We were interested if possible feedback effects found in younger participants 
can also be found in a group of elderly participants. In a first study, we 
examined a group of younger participants with a typical executive control task 
(i.e., the flanker task) and allocated them to a feedback and a no-feedback 
group. Based on previous findings, we hypothesized that feedback would 
improve flanker task performance indicating better executive control 
performance due to the feedback intervention. In a second study, a large group 
of older adults was investigated to replicate the findings of the first study. Here 
again we hypothesized that feedback has a positive influence on performance. 
Nevertheless, we expected a somewhat attenuated feedback effect in the 
elderly due to less efficient resource allocation (Nieuwenhuis et al., 2002; Tsang 
& Shaner, 1998; Wild-Wall et al., 2009). 
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2.2 Experiment 1: Feedback effect in younger adults 
2.2.1 Introduction 
The influence of feedback has been studied in a variety of cognitive tasks, 
including different types of learning, decision making, memory and metamemory 
(e.g., Butler & Roediger, 2008; Diehl & Sterman 1995; Kulik & Kulik, 1988; 
Thompson 1998; West et al., 2005). Meta-analyses indicate that feedback can 
have a positive effect on performance ranging from d = 0.12 to d = 1.24 (Kluger 
& DeNisi, 1996; Hattie & Timperley, 2007).  
It is suggested that the feedback effect mainly results from expanding more 
effort in terms of intensity and persistence (Locke & Latham, 1990). Feedback 
may thus have an influence on performance by allocating attentional resources 
to the task. This allocation is realized by the so-called executive control system. 
The question arises whether there is a performance conflict when a feedback 
intervention is combined with performing a task that also requires a substantial 
amount of executive control.  
According to the integrated resource allocation model proposed by Kanfer and 
Ackerman (1989; 1996), a person’s performance is a joint function of his or her 
relative attentional capacity, task demands and motivation. It is suggested that 
motivational interventions (e.g., giving performance feedback) have context-
dependent effects on performance by increasing cognitive interference and 
attentional allocations to the task. The model would thus predict that a task that 
requires the exertion of executive control would interfere more with the 
processing of feedback than a task that does not require executive control. 
Nevertheless, previous studies investigating dual-task performance indicate that 
feedback has a positive influence on task performance (Kramer et al., 1995; 
Kramer et al., 1999; Bherer et al., 2005; 2008). These findings suggest that 
despite the existing performance conflict that evolves when combining an 
executive control task with a feedback intervention, one is still able to profit from 
feedback. However, it should be noted that in complex tasks, the feedback 
effect seems to be smaller as compared to more simple tasks (for a review, see 
Kluger & DeNisi, 1996). 
It is still unclear if the above mentioned findings apply to other executive control 
tasks such as the flanker task or the stop signal task and if performance 
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feedback interacts with the degree of executive control or complexity involved in 
the task. Therefore, our aim was to investigate if performance in a task involving 
executive control (i.e., flanker task) can be influenced by performance feedback. 
We hypothesized that feedback would improve task performance. Furthermore, 
we expected that feedback would interact with congruent and incongruent trials 
of the flanker task as they differ in complexity and the demand of executive 
control. 
 
2.2.2 Method 
Participants 
A total of 46 young healthy students, 26 males and 20 females, with a mean 
age of 23.9 years (SD = 3.1) participated in this experiment. Participants were 
recruited by means of flyers distributed on the university campus. Half of the 
group performed the feedback version while the other half performed the no-
feedback version of the paradigm. The allocation to the respective feedback 
group was completely randomized and there was no difference in age, sex or 
handedness (all participants were right-handed) between both groups. 
Participants were informed about the objectives and procedure of the present 
study. The study protocol was approved by the local ethics committee and all 
subjects gave their written consent, participated voluntarily and were paid a 
small allowance. 
 
Materials and Design 
A modified version of the flanker task was employed (e.g., Kopp et al., 1996). 
Participants were required to identify whether a central arrow presented on a 
computer screen pointed left or right by pressing the equivalent button on the 
keyboard with their preferred hand. Participants were asked to respond as 
quickly and accurately as possible. The target arrow was flanked on either side 
by two arrows in the same direction (congruent condition), or in the opposite 
direction (incongruent condition). As in the incongruent condition flanking stimuli 
point to the direction opposite to the target, this condition is more complex and 
requires more executive control than the congruent condition. In each trial, one 
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central arrow accompanied by four flankers was presented. The two flanker 
conditions are depicted in Figure 1.  
 
 
Figure 1: The four target conditions of the flanker task: a) congruent condition, target 
right, b) congruent condition, target left, c) incongruent condition, target right, d) 
incongruent condition, target left 
 
Participants performed one baseline block followed by 9 experimental blocks 
with 40 trials each, resulting in 360 experimental trials altogether. Half of the 
trials were congruent, half were incongruent, resulting in a total of 180 
congruent and 180 incongruent trials. The ratio of targets pointing to the left and 
pointing to the right was also balanced. 
Participants were randomly divided into two groups: the feedback group and the 
no-feedback group. The feedback group received performance feedback which 
was presented on the computer screen after each block displaying the mean 
reaction time (RT in milliseconds) of the preceding block of trials. In addition, 
mean RTs of all preceding blocks were presented to inform participants about 
the course of their performance. The no-feedback group received no 
performance feedback. The words “rest period” were presented on the screen 
after each block. Participants were required to press a button after each block to 
start the next block of trials.  
The stimuli were placed in the center of the screen, subtending a visual angle of 
2.86° horizontally and 0.24° vertically. In each trial, a fixation cross was first 
presented for 900-2100 ms. The target arrow with flankers was then shown up 
to 2000 ms in the baseline block and for the duration of an individually 
computed reaction time window in the experimental blocks, respectively. After a 
response, the fixation cross was presented and the next trial started. An 
 
 
 
 
a) 
b) 
c) 
d) 
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individual response window was calculated for each participant to force 
speeded responses and to make the task more difficult. The individual response 
window was determined by adding one standard deviation to the mean reaction 
time in the baseline block. 
 
Procedure 
Participants first completed a health questionnaire after a verbal instruction of 
the investigator. No participant had to be excluded because of health status and 
there was no history of neurological or mental disorder. While participants were 
seated approximately 60 cm in front of a computer screen, the experiment was 
conducted using the Presentation software package (Neurobehavioral Systems, 
San Francisco, CA). Participants were instructed to respond as quickly and 
accurately as possible.  
Before the flanker task was performed, participants carried out a practice block 
with 10 trials which they were allowed to repeat until they were familiar with the 
task. During the practice block, participants received feedback whether their 
response was correct or incorrect. After each experimental block, one group 
received feedback about their mean reaction time (feedback group) while the 
other group received no feedback (no-feedback group). Total duration of the 
flanker task was about 20 to 30 minutes, depending on the individual response 
window and the duration of self-paced rest periods between the blocks.  
 
Statistical Analysis 
For data analysis, only valid trials and trials with a reaction time between 200 
and 2000 ms were considered. In addition, an individual outlier analysis was 
performed. Trials with a reaction time two standard deviations above the 
condition mean were not considered. For further analysis of error percentage 
only response errors (i.e., pushing the wrong button) were considered. 
Omission errors were not included because there were two types of error coded 
in this variable (no response at all and no response within the reaction time 
window, respectively). As an additional variable the congruency effect, which is 
a measure of executive control, was computed. It is defined as the difference 
between reaction time or errors in congruent and incongruent trials 
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(Nieuwenhuis et al., 2006). A small difference indicates better conflict resolution 
and thus better executive control. Two repeated measures ANOVAs with 
congruency as within-subjects factor and feedback as between-subjects factor 
were calculated. As dependent variables, reaction times as well as response 
error percentage were analyzed and Greenhouse-Geisser F-values are 
reported. Additionally, effect sizes (ES) bias-corrected according to Hedges 
(Hedges & Olkin, 1985) and 95% confidence intervals (CI) were calculated. 
 
2.2.3 Results 
Reaction Times 
Results of the repeated measures ANOVA with reaction times as dependent 
variable revealed that feedback had a significant influence (F1,44 = 5.35, p < .05) 
on reaction times. Participants receiving feedback showed faster responses (M 
= 391 ms, SD = 28 ms) than participants without feedback (M = 406 ms, SD = 
22 ms; ES = 0.62, CI = 0.02 – 1.21). Furthermore, there was also a congruency 
effect (F1,44 = 298.96, p < .001). As expected, incongruent trials elicited slower 
responses (M = 410, SD = 27) than congruent trials (M = 384, SD = 24; ES = 
1.01, CI = 0.58 – 1.44). The Interaction between congruency and feedback was 
marginally significant (F1,44 = 3.91, p = .054). The congruency effect was smaller 
in the feedback group (M = 23 ms, SD = 12) as compared to the no-feedback 
group (M = 29 ms, SD = 9; ES = 0.56, CI = -0.03 – 1.14). When calculating the 
relative congruency effect which considers percental change, results are in line 
showing a smaller effect for the feedback group (M = 6.1%, SD = 3.0) as 
compared to the no-feedback group (M = 7.5%, SD = 2.3; ES = 0.50, CI = 0.08 
– 0.91). Table 1 provides an overview of all variables. 
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Table 1: Arithmetic mean (M) and standard deviation (SD) of all variables for the 
feedback (FB) versus the no-feedback group (No-FB) in younger adults 
 
FB 
n = 23 
No-FB 
n = 23 
All participants 
N = 46 
 
M SD M SD M SD 
Overall RT (ms) 391 28 406 22 399 26 
Congruent RT (ms) 377 26 390 20 384 24 
Incongruent RT (ms) 400 30 419 20 410 27 
Congruency effect (ms) 23 12 29 9 26 11 
Relative effect (%) 6.1 3.0 7.5 2.3 6.8 2.8 
Response Errors (%) 4.3 1.8 1.4 3.1 3.1 2.8 
Congruent Errors (%) 2.1 1.9 0.8 0.7 1.4 1.4 
Incongruent Errors (%) 6.5 5.3 2.9 2.5 4.7 4.5 
Congruency effect (%) 4.4 4.6 2.1 2.4 3.3 3.8 
Overall accuracy (%) 86.2 4.5 87.7 5.1 87.0 4.8 
 
Error percentage 
Analyses of error percentage as dependent variable showed a significant 
influence of feedback on errors (F1,44 = 11.16, p < .005), but reversely to 
reaction times. The feedback group committed relatively more errors (M = 4.3 
%, SD = 3.3) than the no-feedback group (M = 1.8 %, SD = 1.4; ES = 0.97, CI = 
0.36 – 1.58). In addition, there was also a congruency effect (F1,44 =37.45, p = < 
.001). More errors were made during incongruent trials (M = 4.7 %, SD = 4.5) 
than during congruent trials (M = 1.4 %, SD = 1.4; ES = 0.98, CI = 0.55 – 1.41). 
The interaction between congruency and feedback was also significant (F1,44 = 
4.85, p < .05). Contrary to reaction times, the congruency effect in error 
percentage was larger in the feedback group (M = 4.4 %, SD = 4.6) as 
compared to the no-feedback group (M = 2.1 %, SD = 2.4; ES = 0.62, CI = 0.02 
– 1.21). 
 
2.2.4 Discussion 
The present experiment investigated the influence of performance feedback on 
executive control in young adults. Results indicated that feedback had an 
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influence on both reaction times and errors in the flanker task. The feedback 
group responded faster than the no-feedback group, but this reaction time 
improvement was at the expense of errors. This points to a feedback-induced 
speed-accuracy trade-off (e.g. Luce, 1986). However, the speed-accuracy 
trade-off is not surprising as feedback was only provided about reaction times 
and not about errors. Therefore, participants focused on improving reaction 
times rather than accuracy. A second important finding was that feedback had a 
positive influence on executive control performance which is reflected in the 
smaller congruency effect in reaction times. This finding indicates that although 
more attentional resources are required to perform the incongruent trials of the 
task, there is still the possibility of improving the exertion of executive control 
due to the feedback intervention. As participants focused on reaction times, the 
better executive control performance was at the expense of errors which was 
reflected in a higher congruency effect in errors. 
Taken together, younger adults were able to adjust their attentional resources 
accordingly and improved in flanker task performance and the congruency 
effect regarding reaction times. This result is in line with the above mentioned 
study carried out by Bherer and colleagues (2008) who examined the influence 
of feedback on dual-task performance. Results of their study showed that 
feedback had an influence on a dual-task despite the fact that the task itself 
required the exertion of executive control. 
In the present experiment, it can be inferred that participants receiving feedback 
on reaction times allocated their attention resources accordingly and focused on 
speed only. This resulted in a feedback-induced shift in the speed-accuracy 
trade-off. One could speculate that feedback caused a shift towards a more 
risky criterion resulting in a higher number of errors. Support of this speculation 
is provided by a study carried out by Brébion (2001) who demonstrated that the 
instruction to focus on speed, not on accuracy, led to a shift in response 
criterion. Because in our experiment feedback was provided about reaction 
times, participants focused on speed at the expense of errors which may have 
resulted in a shift of response criterion. 
According to the integrated resource allocation model (Kanfer & Ackerman, 
1989; 1996), a task that requires executive control interferes more with the 
processing of feedback than a non-executive control task. Results of the 
present experiment illustrate that even in an executive control task such as the 
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flanker task performance feedback had a significant positive influence. The 
question remains if the feedback effect would have been larger in case a non-
executive control task was employed. 
In conclusion, it was shown that performance feedback had an impact on the 
flanker task including the congruency effect which supports the hypothesis that 
executive control can be positively influenced by performance feedback. In 
young adults, performance feedback can thus be applied to improve executive 
control performance. 
 
2.3 Experiment 2: Feedback effect in older adults 
2.3.1 Introduction 
In a second experiment we investigated whether findings of the first experiment 
can also be found in a group of elderly participants. Such a replication is of 
importance because aging has been associated with the deterioration of the 
brain especially in prefrontal areas known to be involved in executive control 
(e.g., West, 1996; Raz, 2000). As previous literature has shown that feedback in 
the elderly has an influence on cognitive tasks such as memory (West et al., 
2005; West et al., 2009) or time estimation tasks (Wild-Wall et al., 2009), it can 
be hypothesized that feedback would influence executive control performance 
in the elderly as well. But as the processing of feedback itself requires the 
exertion of executive control, it is questionable if older adults are able to profit 
from feedback in an executive control task in the same way as younger adults.  
Results of previous studies indicate that feedback has an influence on dual-task 
performance in older adults as well (Bherer et al., 2005, 2008; Kramer et al., 
1995, 1999). On the other hand, in a study investigating dual-tasks varying in 
their degree of interference it was found that older adults demonstrated an age-
related decrement in resource allocation under intense attentional demands 
(Tsang & Shaner, 1998). The authors concluded that older adults experience a 
decreased flexibility in resource management. The question remains if these 
results are applicable to other executive control tasks such as the flanker task 
and if feedback has also an influence on executive control as measured by the 
congruency effect. 
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Experiment 1 demonstrated that performance feedback had an influence on 
executive control in younger adults. They showed an increase in speed and an 
increase in errors concurrently. Feedback had also an influence on executive 
control as demonstrated by a decrease in the congruency effect regarding 
reaction times and an increase of the congruency effect concerning error rates. 
As older adults have been reported to use a more cautious criterion than 
younger adults, i.e., focusing on accuracy to the detriment of speed (Salthouse, 
1979; Smith & Brewer, 1995; Strayer & Kramer, 1994), we hypothesized that 
performance feedback would have an influence on executive control in the 
elderly, but not at the expense of errors. Still, we expected an attenuated 
feedback effect in the elderly due to a deficit in allocating attentional resources 
(Nieuwenhuis et al., 2002; Tsang & Shaner, 1998; Wild-Wall et al., 2009). Since 
younger and older adults differ in many characteristics, a separate study was 
performed and analyzed. To enable a comparison of both studies, effect sizes 
were reported. 
 
2.3.2 Method 
Participants 
A total of 168 healthy elderly persons, 82 males and 86 females, with a mean 
age of 70.5 years (SD = 7.1) participated in this experiment. Participants were 
recruited by a press report in the local newspapers as well as by the means of 
flyers. They had a mean education of 13.4 years (SD =3.6). Of all participants, 
157 were right-handed, 7 were left-handed and 4 were ambidexter. Participants 
were randomly assigned to a feedback and a no-feedback group resulting in 84 
participants in each group. Both groups did not differ in age, sex and 
handedness. There was a significant difference (T166 = 2.58, p <.05; ES = 0.40, 
CI = 0.09 – 0.70) in years of education as the no-feedback group had more 
years of education (M = 14.1, SD = 3.7) than the feedback group (M = 12.7, SD 
= 3.4). The difference in education years had no impact on the results obtained 
as there were no correlations between this variable and performance in the 
flanker task. All participants were informed about the objectives and procedure 
of the present study. The study protocol was approved by the local ethics 
committee and all subjects gave their written consent, participated voluntarily 
and were paid a small allowance. 
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Materials and Design 
See Experiment 1 
 
Procedure 
See Experiment 1 
 
Statistical Analysis 
See Experiment 1 
 
2.3.3 Results 
Reaction times 
Results reveal that feedback had no significant influence on reaction times 
(F1,166 < 1). The slightly faster reaction times of the feedback group (M = 515 
ms, SD = 51) did not differ from those of the no-feedback group (M = 523 ms, 
SD = 55; ES = 0.15, CI = -0.15 – 0.45). Congruency had a significant influence 
(F1,166 = 456.8, p < .001) on reaction times. As expected, incongruent trials 
elicited slower responses (M = 533 ms, SD = 55) than congruent trials (M = 507 
ms, SD = 52; ES = 0.48, CI = 0.27 – 0.70). The interaction between congruency 
and feedback did not reach significance (F1,166 = 1.29, p > .05). There was no 
difference between the congruency effect in the feedback group (M = 25 ms, 
SD = 15) and the no-feedback group (M = 28 ms; SD = 17; ES = 0.19, CI = -
0.49 – 0.12). The same result is obtained when calculating the relative 
congruency effect (percental change) which also shows no difference between 
the feedback group (M = 5.1%, SD = 3.1) and the no-feedback group (M = 
5.5%, SD = 3.2; ES = 0.14, CI = -0.07 – 0.35). Table 2 provides an overview of 
all variables. 
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Table 2: Arithmetic mean (M) and standard deviation (SD) of all variables for the 
feedback (FB) versus the no-feedback group (No-FB) in older adults 
 
FB 
n = 84 
No-FB 
n = 84 
All participants 
N = 168 
 
M SD M SD M SD 
Overall RT (ms) 515 51 523 55 519 53 
Congruent RT (ms) 504 51 510 53 507 52 
Incongruent RT (ms) 529 52 538 57 533 55 
Congruency effect (ms) 25 15 28 17 26 16 
Relative effect (%) 5.0 3.1 5.5 3.2 5.2 3.2 
Response Errors (%) 2.5 2.1 1.8 1.8 2.2 2.0 
Congruent Errors (%) 1.8 1.9 1.3 1.8 1.6 1.8 
Incongruent Errors (%) 3.2 2.9 2.3 2.1 2.8 2.6 
Congruency effect (%) 1.4 2.3 1.0 1.7 1.2 2.1 
Overall accuracy (%) 93.1 3.9 93.1 4.0 93.1 3.9 
 
Error percentage 
Analysis of error percentage showed that feedback had a significant influence 
(F1,166 = 5.3, p <.05). The feedback group (M = 2.5%, SD = 2.1) committed more 
errors than the no-feedback group (M = 1.8%, SD = 1.8; ES = 0.36, CI = 0.05 – 
0.66). Congruency had also a significant influence on errors (F1,166 = 56.3, p 
<.001). More errors were committed during incongruent trials (M = 2.8%, SD = 
2.6) as compared to congruent trials (M = 1.6%, SD = 1.8; ES = 0.54, CI = 0.32 
– 0.75). Thus, although the feedback group did not significantly profit from 
feedback regarding reaction times, it showed an increase in errors. The 
interaction between congruency and feedback was not significant (F1,166 = 1.8, p 
> .05). There was no difference between the congruency effect in the feedback 
group (M = 1.4%, SD = 2.3) as compared to the no-feedback group (M = 1.0%, 
SD = 1.7; ES = 0.20, CI = -0.11 – 0.50). 
 
2.3.4 Discussion 
The present experiment examined if the feedback effects on flanker task 
performance found in younger adults can be replicated in a group of older 
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adults. Results indicated that feedback had an influence on errors, but not on 
reaction times. The feedback group committed more errors as compared to the 
no-feedback group, but did not improve in reaction times. Although participants 
were not able to increase their reaction times with feedback, the increase in 
error rates indicates that older adults attempted to regulate their behavior 
according to the task, but failed in doing so. This might be due to older adults’ 
deficits in allocating attentional resources to the task (Nieuwenhuis et al., 2002; 
Tsang & Shaner, 1998; Wild-Wall et al., 2009) which requires the exertion of 
executive control.  
Results are in line with previous accounts reporting deficits in executive control 
performance in older adults (Andrés & Van der Linden, 2000; Treitz et al., 2007) 
and with the notion that especially prefrontal brain areas supposed to be 
involved in executive control are affected during the course of aging (West, 
1996; Raz, 2000; Raz & Rodrigue, 2006; Tisserand & Jolles, 2003). 
It can be speculated that older adults already reached their performance limit 
because of the executive control requirements of the flanker task itself, and 
failed in improving their performance. This result is mirrored by the lack of an 
interaction between feedback and congruency for reaction times as well as for 
errors. As older adults reached their resource limit in performing the flanker 
task, feedback had no further impact on executive control performance in older 
adults as measured by the congruency effect. Despite helping to improve 
performance, feedback seems to have distracted participants away from the 
task. Together with Tsang and Shaner (1998) we speculate that adults 
experience a decreased flexibility in resource allocation. 
Taken together, results support our hypothesis that performance feedback has 
an influence on flanker task performance in the elderly. However, older adults 
did not profit from feedback and feedback had no influence on executive control 
performance. As the flanker task itself required the exertion of executive control, 
it appears to have interfered with feedback processing resulting in performance 
decline. This is in accordance with the integrated resource allocation model 
(Kanfer & Ackerman, 1989; 1996) which predicts that motivational interventions 
increase cognitive interference. Results indicate that in older adults, 
performance feedback cannot be used to improve executive control 
performance as measured by the flanker task. 
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2.4 General Discussion 
The aim of the presented experiments was to investigate if performance 
feedback has an impact on executive control and if feedback effects can equally 
be found in younger as well as older adults. Regarding younger adults, it could 
be shown that even in a task that requires the exertion of executive control, 
participants can profit from performance feedback. Furthermore, feedback in 
younger adults had an influence on the congruency effect indicating better 
executive control regarding reaction times. Thus, it can be inferred that 
performance feedback in younger adults can be used to influence the exertion 
of executive control. Although the performance improvement in younger adults 
was accompanied by higher error rates, it is unlikely that this was due to the 
difficulty of the executive control task itself as the phenomenon of a speed-
accuracy trade-off has been shown for a variety of non-executive control tasks 
as well (e.g., Kounios et al., 1994; Ratcliff, 2002; Ratcliff & Rouder, 2000; 
Rinkenauer et al., 2004). 
Concerning older adults, we also found an influence of feedback on error rates. 
However, the higher error rate was not accompanied by reaction time 
improvement as in younger adults. Thus, the feedback effect in older adults was 
attenuated probably due to stronger interference between the executive control 
task and the feedback intervention as predicted by the integrated resource 
allocation model (Kanfer & Ackerman, 1989; 1996). It seems most likely that 
older adults reached their resource limit in performing the flanker task and thus 
were not able to increase their reaction times according to the feedback 
intervention. The fact that the feedback group shows a slight, but insignificant 
reaction time gain (8 ms; ES = 0.15) supports this interpretation. This result 
contradicts studies which found that older adults significantly benefited from 
feedback (Bherer et al., 2005, 2008; Kramer et al., 1995, 1999).  
It should be noted that although the elderly show a significant feedback effect 
regarding error rates in the present study, the effect is still weaker than in 
younger adults (ES = 0.36 vs. ES = 0.97). Furthermore, older adults have a 
lower error rate than younger adults (2.2% vs. 3.1%; ES = 0.41, CI = 0.08 – 
0.74). This seems to be in line with previous studies demonstrating that older 
adults use a more cautious criterion than younger adults and thus display a 
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lower error rate (e.g., Salthouse, 1979; Smith & Brewer, 1995; Strayer & 
Kramer, 1994). 
Nevertheless, older adults showed a feedback-induced increase of errors which 
indicates that they tried to focus on improving speed at the expense of errors. 
Similar results were obtained in the study carried out by Brèbion (2001) where it 
was found that older adults were able to shift their response criterion towards a 
more risky criterion when instructed to focus on speed only. It was reported that 
older adults still remained slower and a little more accurate than younger adults. 
This result could not be attributed to a more cautious strategy which is why it 
was concluded that older adults have a slower processing system. As previous 
studies have shown that older adults especially display deficits in executive 
control performance (Andrés & Van der Linden, 2000; Treitz et al., 2007) which 
might be due to the deterioration of the brain in areas involved in executive 
control (West, 1996; Raz, 2000; Raz & Rodrigue, 2006; Tisserand & Jolles, 
2003), it can be speculated that older adults have a less flexible processing 
system resulting in difficulties in allocating attentional resources appropriately 
(Nieuwenhuis et al., 2002; Tsang & Shaner, 1998; Wild-Wall et al., 2009). 
It can be argued that there was no significant reaction time gain in older adults 
because those already operating on their reaction time limit were not able to 
further increase their reaction time. But when dividing the elderly sample into 
those with relatively fast and those with slow reaction times, no difference can 
be found regarding the influence of feedback. It can also be argued that 
education might have an influence on the ability to profit from feedback as the 
younger participants in the first study were all students. But when separately 
analyzing those elderly participants with a relatively high educational level (at 
least 12 years of school education), the pattern of results remains the same. 
However, it cannot be ruled out that the low frequency of the feedback 
intervention (after each block) and the relatively neutral presentation of 
feedback (reaction times instead of direct negative and positive feedback) were 
not enough to activate a significant influence of feedback in the elderly. Against 
these arguments remains the fact that younger participants showed significant 
feedback effects and interactions. 
We also cannot exclude the possibility that differences in feedback evaluation 
may have had an influence on our findings (Kluger & DeNisi, 1996). Some 
participants may have evaluated the performance feedback as a slightly 
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negative feedback; some might have evaluated the feedback as positive in case 
their reaction times improved from block to block. Despite these individual 
differences, we found small, but significant effects of feedback on subsequent 
performance in younger as well as older adults. 
Taken together, it was shown that performance feedback had an influence on 
flanker task performance in younger as well as older adults. While in younger 
adults a functional feedback effect was found, in older adults the effect was 
dysfunctional. Moreover, feedback had also an influence on the exertion of 
executive control as measured by the congruency effect in younger adults 
which indicates that in this age group performance feedback can be used to 
improve executive control. Results suggest that age should be taken into 
account when developing and validating feedback interventions for younger as 
well as older adults. It remains to future studies to identify the conditions under 
which older adults may or may not profit from feedback in tasks that require the 
exertion of executive control. 
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3 Study Two: Neural correlates of positive and negative 
performance feedback in younger and older adults 
3.1 Introduction 
It has been shown that performance feedback can serve as an extrinsic reward 
(e.g., monetary reward) and engages similar brain regions. For example, 
Tsukamoto and colleagues (2006) investigated the neural correlates of 
performance feedback in a time estimation task and compared it to randomized 
feedback which was not related to actual performance. Performance feedback 
elicited higher hemodynamic responses in the striatum, the thalamus and 
insular cortex than randomized and not performance related feedback. The 
authors suggest that performance feedback serves as an implicit reward for 
humans because the localisations of activations are known to be involved in 
extrinsic reward processing. The reward system is suggested to be a highly 
interconnected network of brain areas including the striatum, amygdala, the 
orbitofrontal and medial prefrontal cortex as well as the dopaminergic midbrain 
(for a review, see O’ Doherty, 2004). 
Similar results regarding performance feedback were obtained by further 
studies (Aron et al., 2004; Tricomi et al., 2006; Rademacher et al., 2010). 
Tricomi and colleagues (2006) compared performance feedback processing in a 
learning task to reward processing in a guessing task and found that the 
caudate nucleus showed similar activations in both tasks. Rademacher and 
colleagues (2010) compared monetary reward and performance feedback using 
smiling human faces in an incentive delay task and demonstrated that 
anticipation of both monetary reward and performance feedback activated brain 
structures associated with the reward system including the ventral striatum. 
Kirsch and colleagues (2003) showed that performance feedback processing 
was associated with weaker reward-related activations than the anticipation of 
monetary reward. 
One important factor that seems to modulate reward-related activity in feedback 
seems to be feedback valence. Several studies found higher striatal activation 
for positive than negative feedback while the inverse contrast yielded no 
significant activation (e.g., Bischoff-Grethe et al., 2009; Marco-Pallarés et al., 
2007; Nieuwenhuis et al., 2005). On the other hand, Aron and colleagues 
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(2004) reported higher midbrain activations for negative feedback, while positive 
feedback yielded no higher activations than negative feedback. 
While all of the above mentioned studies investigated young adults, it would be 
also relevant to examine the processing of performance feedback in the elderly. 
It has been demonstrated that aging is associated with the deterioration of the 
brain (e.g., West, 1996; Raz, 2000) and that especially the dopamine system 
associated with reward processing seems to be susceptible to aging (e.g., 
Kaasinen et al., 2000; Volkow et al., 2000). 
As it has been shown that younger adults process performance feedback 
similar to an extrinsic reward, we were interested if this also applies to older 
adults. Our aim was to investigate aging effects in the neural processing of 
positive and negative performance feedback with fMRI. We chose a choice 
reaction time task with individual reaction time windows to ensure equal 
distribution of real positive and negative performance feedback about reaction 
times. As a behavioral correlate, we investigated the influence of performance 
feedback on subsequent reaction times and accuracy in a choice reaction time 
task. 
We hypothesized that in older adults, performance feedback would also elicit 
striatal activation indicating that performance feedback serves as a reward. For 
extrinsic reward, several studies have shown weaker striatal activity in older 
adults during reward association learning (e.g., Dreher et al., 2008; Marschner 
et al., 2005; Mell et al., 2005). Therefore, we expected decreased striatal 
activity in older adults as compared to younger adults in performance feedback 
processing. Regarding the valence of feedback, we hypothesized that positive 
feedback would elicit stronger activations in the striatum as compared to 
negative feedback. 
 
3.2 Method 
3.2.1 Participants 
Participants were recruited by a press report in the local newspaper as well as 
by placards. 16 healthy younger male adults in the age of 20 to 38 years (M = 
25.2, SD = 5.0) as well as 16 healthy older male adults in the age of 62 to 77 
years (M = 69.4, SD = 3.8) participated in the present study. All participants 
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were right-handed and they were informed about the objectives and procedure 
of the present study. The study protocol was approved by the local ethics 
committee and all subjects gave their written consent, participated voluntarily 
and were paid a small allowance. 
 
3.2.2 Experimental Paradigm 
A computer based choice reaction time task was employed which was a 
modified version of the flanker task (e.g., Kopp et al., 1996). Participants were 
required to identify whether a central arrow presented on a computer screen 
points left or right by pressing the equivalent button on the keyboard with their 
preferred hand. The target arrow was flanked on either side by two arrows in 
the same direction or in the opposite direction. Participants were asked to 
respond as quickly and accurately as possible.  
Before the task was performed in the MRI scanner, participants carried out a 
practice block with 10 trials which they were allowed to repeat until they were 
familiar with the task. After the practice block, participants performed an offline 
baseline block comprising 48 trials which was necessary for the assessment of 
individual baseline performance. After the baseline block, participants 
performed 6 experimental blocks each comprising 48 trials in the MRI scanner. 
For the assessment of the influence of feedback, a feedback intervention was 
implemented (Kluger & DeNisi, 1996). Participants received feedback after each 
single trial. In two thirds of all trials, subjects received positive or negative 
feedback after a response depending on their performance. In the remaining 
third of all trials which was selected pseudorandomly, participants’ performance 
was not evaluated (neutral condition). Feedback was provided by presenting 
smileys with different valences. The three feedback conditions are depicted in 
Figure 1. 
 
 
 Figure 1: The three feedback conditions 
a) positive b) negative c) neutral 
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The target stimuli were placed in the center of the screen, subtending a visual 
angle of 2.86° horizontally and 0.24° vertically. In each trial, a fixation cross was 
first presented for a variable time period of 500-1700 ms. The target was then 
shown for 500 ms followed by a blank screen for 1000 ms. Subsequently, 
feedback was displayed for 500 ms followed again by a blank screen for 1000 
ms. The next trial started with the presentation of the fixation cross. The trial 
flow is depicted in Figure 2. 
 
 
 Figure 2: Trial flow of the paradigm 
 
Performance feedback was evaluated relatively to individual reaction times and 
was adjusted dynamically throughout the experiment. Individual reaction time 
terciles were computed across the last 48 trials and updated with every new 
performed trial. This dynamic tracking was implemented to consider variation, 
for example by practice effects or fatigue during the course of the paradigm, as 
well as to ensure equal distribution of positive and negative feedback 
throughout the experiment. 
If the participant’s response was correct and matched the lower reaction time 
tercile, a smiley was presented which indicated relatively good performance. If 
the participant’s response was incorrect or matched the upper reaction time 
tercile, a frowny was presented which indicated relatively bad performance. In 
the one third of all trials which was not evaluated, a smiley with a neutral 
expression was presented. The middle tercile was used to balance the 
quantities of positive and negative feedback, i.e. the participant received 
Fixation 
500-
1700ms 
500ms 
Target 
1000ms 
500ms 
Feedback 
 
1000ms 
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positive feedback when up to that time more negative feedback was provided 
and vice versa. 
Participants were instructed to collect as many positive smileys as possible. 
They were told that if their response was correct and the reaction time matched 
their individual higher performance level, they would receive positive feedback. 
If their response was incorrect or their reaction time matched their individual 
lower performance level, they would receive negative feedback. It was also 
mentioned that randomly in one third of all trials, their performance would not be 
evaluated indicated by the presentation of a neutral smiley. After performing the 
paradigm in the MRI scanner, participants completed a questionnaire in which 
they were asked how much the feedback corresponded to their own estimation. 
 
3.2.3 Procedure 
Participants first completed a health questionnaire after a verbal instruction of 
the investigator. No participant had to be excluded because of health status and 
there was no history of neurological or mental disorder. While participants were 
seated approximately 60 cm in front of a computer screen, the practice and 
baseline blocks of the experiment were first conducted offline. In the MRI 
scanner, the six experimental blocks were then performed. After each block, a 
rest period of approximately 15 seconds was provided. For the presentation of 
stimuli, the Presentation software package (Neurobehavioral Systems, San 
Francisco, CA) was applied. Participants were instructed to respond as quickly 
and accurately as possible. Total duration of the six experimental blocks was 
about 25 minutes. 
 
3.2.4 Image acquisition 
MRI data were acquired on a 3 Tesla Siemens Trio (Siemens Medical 
Solutions, Erlangen, Germany) equipped with a standard head coil. Changes in 
blood oxygenation level-dependent (BOLD) T2*-weighed MR signal were 
measured using a gradient echo-planar imaging (EPI) sequence (42 slices, 
2.5x2.5x2.5 mm voxels, 10% gap, TR = 2.4 s, TE = 30 ms, flip angle = 90°, 
64x64 matrix, FOV 220 mm, interleaved acquisition). 
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3.2.5 Statistical Analysis 
For behavioral data analysis, only correct valid trials with a reaction time 
between 200 and 2000 ms were considered. In addition, an outlier analysis was 
performed. Trials with reaction times 2.5 standard deviations above or below 
the condition mean were not considered. A repeated measures ANOVA with the 
factors age group and feedback valence was carried out and Greenhouse-
Geisser F-values are reported. We analyzed reaction times of correct trials 
subsequent to the reception of positive or negative feedback. In case of 
significant effects, post hoc Tukey HSD tests were computed and corrected p-
values are denoted. Additionally, effect sizes are reported and 95% confidence 
intervals (CI) were calculated. 
Imaging data were analyzed using the SPM5 software package (Wellcome 
Department of Cognitive Neurology, London). For each participant, all functional 
images were spatially realigned to the first volume to correct for interscan head 
movements, interpolated in time to correct for differences in slice acquisition 
time, normalized to a standard MNI template and smoothed with a Gaussian 
kernel of 8 mm full-width half maximum (FWHM) to accommodate intersubject 
anatomical variability. 
On the first level, data were analyzed by modeling six experimental conditions 
(2 x 3 conditions) using the hemodynamic response function (hrf) in SPM5, 
time-locked with the presentation of feedback. Only correct valid trials with a 
reaction time between 200 and 2000 ms were considered. A full factorial model 
was computed on the second level with the two factors age group (younger/ 
older adults) and feedback valence (positive/ negative/ neutral). A p-level of .05 
after correcting for family-wise error (FWE) across the whole brain and minimal 
cluster size of 5 contiguous voxels was set for all analyses. In case of significant 
activations, directional t-Tests were conducted. All contrasts were masked 
inclusively with the minuend (p < .05 uncorrected). Finally, coordinates of 
activations were transformed from MNI to Talairach space (Talairach & 
Tournoux, 1988). 
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3.3 Results 
3.3.1 Behavioral Data 
Feedback ratio and ratings 
Neutral uninformative feedback was pseudorandomly given exactly in 96 trials 
(33.3%). Positive performance feedback was received in averagely 94.3 trials 
(SD = 3.5; 32.8%) and negative performance feedback in 97.7 trials (SD = 3.5; 
33.9%). Two-tailed t-tests showed that the number of trials between positive 
and negative feedback differed significantly (t31 = 2.75, p < .05). There was no 
difference between younger and older adults (t30 < 1, p > .05). 
Participants reported that positive feedback corresponded with their own 
performance estimation in 78.1% (SD = 19.1) of all cases, while for negative 
feedback it was only 61.7% (SD = 22.7%). Two-tailed t-tests showed that the 
estimation between positive and negative feedback differed significantly (t31 = 
3.11, p < .05). There was no difference between younger and older adults 
regarding positive (t30 < 1, p > .05) and negative feedback ratings (t30 = 1.30, p 
> .05). 
Reaction time and accuracy 
Descriptive statistics of reaction times and accuracy, separated for younger and 
older adults, are presented in Table 1. An ANOVA with reaction times as 
dependent variable yielded no significant age group by feedback interaction 
(F2,60 = 1.84, p > .05; η2 = .058). Significant main effects of both age group (F1,30 
= 47.83, p < .001; η2 = .615) and feedback valence (F2,60 = 4.27, p <.05; η2 = 
.125) on subsequent reaction times were found. Older participants displayed 
slower responses (M = 501, SD =36) than younger participants (M = 384, SD = 
58; ES = 2.29). 
Regarding feedback, post-hoc Tukey HSD tests showed that after positive 
feedback (M = 440, SD = 77), reaction times were faster than after receiving 
neutral feedback (M = 446, SD = 80; p < .05; ES = 0.08; CI = -0.41 - 0.57). The 
difference between positive and negative feedback (M = 445, SD = 76) was 
marginally significant (p = .07; ES = 0.06; CI = -0.43 - 0.55). When regarding 
the effects of feedback valence separated by age group, very small effect sizes 
can be found in younger adults for positive as compared to neutral (ES = 0.05; 
CI = -0.65 – 0.74) and to negative feedback (ES = 0.10; CI = -0.60 - 0.79). 
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In older adults, small effect sizes can be reported for positive versus neutral (ES 
= 0.23; CI = -0.47 – 0.92) and positive versus negative feedback (ES = 0.10; CI 
= -0.60 – 0.79). 
 
Table 1: Arithmetic mean and standard deviation (in parentheses) of reaction times 
(RT) and accuracy for younger (n = 16) and older adults (n = 16) 
 Younger Older All 
Mean RT (ms) 
Neutral Feedback 
Positive Feedback 
Negative Feedback 
 
384 (61) 
381 (59) 
387 (57) 
 
508 (38) 
499 (35) 
503 (38) 
 
446 (80) 
440 (77) 
445 (76) 
Accuracy (%) 
Neutral Feedback 
Positive Feedback 
Negative Feedback 
 
91.5 (5.5) 
91.1 (5.6) 
92.2 (7.0) 
 
93.4 (4.2) 
90.9 (8.7) 
91.1 (7.1) 
 
92.5 (4.9) 
91.0 (7.2) 
91.7 (7.0) 
 
Results of the repeated measures ANOVA with accuracy as dependent variable 
yielded neither a significant interaction (F2,60 = 1.84, p > .05; η2 = .058), nor 
main effects for feedback valence (F2,60 = 1,53, p > .05; η2 = .049) or age group 
(F1,30 < 1; η2 = .000) on subsequent accuracy. 
 
3.3.2 Imaging Data 
Interaction age group by feedback 
A feedback by age group interaction revealed no significant activation for the 
set p-level of .05 after correcting for multiple comparisons across the whole 
brain. 
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Main effect of age group 
The main effect of age group (p < .05, FWE-corrected) revealed bilateral 
activations in the precuneus and superior parietal lobule, the right middle frontal 
gyrus, right middle temporal gyrus and left lingual gyrus. Because significant 
activations were demonstrated for age group as a main effect, post-hoc 
directional t-tests were computed with older adults versus younger adults.  
Older adults > younger adults 
The results of the directional t-test older adults > younger adults (masked incl.) 
are depicted in Table 2. Older adults exhibited stronger activations bilaterally in 
the precuneus including the right superior and inferior parietal lobule as local 
maxima, the right middle frontal gyrus, right fusiform gyrus, right postcentral 
gyrus as well as in the left lingual gyrus. The activation clusters are depicted in 
Figure 3. No suprathreshold voxels remained in the contrast younger adults > 
older adults. 
 
 
Figure 3: Older adults > younger adults (masked incl.), p < .05 (FWE-corrected),  
x = -20.0, y = 65.0, z = 50.0 
 
Main effect of feedback 
The main effect of feedback (p < .05, FWE-corrected) revealed bilateral 
activations in the putamen, medial frontal gyrus, precentral gyrus and lingual 
gyrus as well as in the left thalamus, anterior cingulate, superior frontal gyrus, 
the right precentral and superior temporal gyrus. 
Because significant activations were demonstrated for feedback as a main 
effect, post-hoc directional t-tests with pairwise comparisons of positive, 
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negative and neutral feedback were computed. Data from younger and older 
adults were combined. 
 
 Table 2: Activation contrasts of older vs. younger adults 
Area BA x y z voxels t-value 
       
OLDER > YOUNGER       
Lingual gyrus (L) 17 -17 -95 -6 55 6.08 
Middle frontal gyrus (R) 6 35 -2 62 23 5.95 
Precuneus (L) 7 -21 -61 49 59 5.59 
Precuneus (R) 7 15 -66 47 134 5.45 
Superior parietal lobule (R) 7 25 -58 56 - 5.28 
Inferior parietal lobule (R) 40 32 -51 56 - 5.20 
Superior parietal lobule (L) 7 -32 -46 46 32 5.38 
Fusiform gyrus (R) 37 42 -57 -14 6 5.15 
Postcentral gyrus (R) 40 40 -34 57 7 5.03 
       
YOUNGER > OLDER       
No suprathreshold clusters       
       
 
Positive feedback > negative feedback 
Positive feedback elicited stronger activations as compared to negative 
feedback bilaterally in the putamen and in the left amygdala, the lingual gyrus, 
in the right medial and left superior frontal gyrus and in the thalamus (see Table 
3). The activation clusters are illustrated in Figure 4. No suprathreshold 
activations remained for the opposite contrast (negative feedback > positive 
feedback). 
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 Table 3: Activation contrasts of positive vs. negative and neutral feedback 
Area BA x y z voxels t-value 
       
POSITIVE > NEGATIVE       
Putamen (L)  -20 7 -7 101 12.39 
Amygdala (L)  -15 4 -11 - 11.99 
Putamen (R)  20 9 -7 253 10.52 
Lingual gyrus (L) 18 -15 -85 -6 109 6.40 
Lingual gyrus (R) 17 12 -85 0 - 6.01 
Medial frontal gyrus (R) 6 5 -2 60 16 6.25 
Superior frontal gyrus (L) 8 -17 37 51 19 5.77 
Thalamus  0 -5 5 10 5.53 
       
NEGATIVE > POSITIVE       
No suprathreshold clusters       
       
POSITIVE > NEUTRAL       
Putamen (L)  -17 7 -7 20 6.32 
Amygdala (L)  -15 4 11 - 6.01 
Putamen (R)  20 9 -7 14 5.71 
       
NEUTRAL > POSITIVE       
No suprathreshold clusters       
       
NEUTRAL > NEGATIVE       
Putamen (R)  25 0 5 13 5.24 
Fusiform gyrus (L)  -27 66 -11 11 5.26 
Lingual gyrus (L)  -12 -85 -6 8 5.00 
       
NEGATIVE > NEUTRAL       
No suprathreshold clusters       
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Figure 4: Positive feedback > negative feedback (masked incl.), p < .05 (FWE-
corrected), x = -20.0, y = 7.5, z = -7.5 
 
Positive feedback > neutral feedback 
When contrasting positive and neutral feedback, it was demonstrated that 
positive feedback yielded stronger activations bilaterally in the putamen 
including the left amygdala as a local maximum (see Table 3). The activation 
clusters are depicted in Figure 5. No stronger activations were found for neutral 
feedback. 
 
 
Figure 5: Positive feedback > neutral feedback (masked incl.), p < .05 (FWE-
corrected), x = -17.5, y = 7.5, z = -7.5 
 
Neutral feedback > negative feedback 
The comparison of neutral feedback with negative feedback showed stronger 
activations for neutral feedback in the right putamen, the left fusiform and 
lingual gyrus. Figure 6 illustrates significant activations. The opposite contrast 
(negative feedback > neutral feedback) yielded no suprathreshold activations. 
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Figure 6: Neutral feedback > negative feedback (masked incl.), p < .05 (FWE-
corrected), x = 25.0, y = 0.0, z = 5.0 
 
3.4 Discussion 
The present study investigated aging effects of positive and negative 
performance feedback processing with fMRI. Imaging results showed no age by 
feedback interaction which indicates that younger and older adults process 
positive and negative feedback similarly. Although older adults displayed 
stronger activation in several brain areas as compared to younger adults, these 
areas were rather task-related and not associated with the reward system. 
Older adults displayed stronger occipital and parietal activation involved in 
visual and spatial processing. Additionally, they showed higher frontal lateral 
premotor activation (BA 6) which has been associated with the selection of 
movements (e.g., Schluter et al., 1998).  
It has been suggested that increased activation, especially increased 
bilaterality, would generally help older adults to counteract age-related 
neurocognitive decline. This account is known as the compensation hypothesis 
(Cabeza, 2002; Cabeza et al., 2002). A more differentiated view proposes that 
compensatory activity may only be effective if it can play a complementary role 
in task performance (Colcombe, 2005). As older adults in the present study 
showed stronger activation in brain areas associated with movement selection 
as well as visual and spatial processing of stimuli, it can be speculated that the 
recruitment of these brain areas worked as compensation and helped older 
adults in performing the task.  
Behavioral data is in line with imaging results as it also shows an effect of 
aging. Older adults displayed much slower responses than younger adults. This 
age-related effect of slowing has been demonstrated in a variety of studies and 
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has been interpreted in terms of a slower information processing system in 
older adults (e.g., Brébion, 2001; Fisk & Warr, 1996; Lindenberger et al., 1993; 
Salthouse, 1996). It can be concluded that due to a slower information 
processing system the flanker task was more demanding for older adults. This 
might have resulted in a compensational recruitment of brain areas enhancing 
visuospatial processing of stimuli and motor planning. 
Against our hypothesis, there was no weaker striatal activity in older as 
compared to younger adults. This result indicates that in older adults, reward-
related performance feedback processing is still intact and comparable to 
younger adults. Behavioral results support this interpretation as both younger 
and older adults displayed marginally faster reaction times after positive 
feedback as compared to negative and neutral feedback. It can be inferred that 
positive performance feedback in our task worked as an extrinsic reward and 
thus led to higher effort in terms of intensity and persistence (see Locke & 
Latham, 1990) resulting in slightly faster reaction times. 
The effect sizes were very small which might be due to the fact that the study 
design was optimized for fMRI rather than behavioral measures. Dynamic 
tracking in the task was employed to ensure a preferably equal distribution of 
positive and negative performance feedback over the course of the experiment. 
Participants who improved during the task still received positive and negative 
feedback equally. At the beginning of the task, participants might have received 
positive feedback for a slower reaction time as compared to the end where a 
faster reaction time could have led to negative feedback due to the continuous 
updating of reaction time terciles. This side-effect of dynamic tracking might 
have disrupted the impact of feedback on a behavioral level which otherwise 
might have been larger. Still, marginally faster reaction times for positive 
performance feedback were found, indicating that it worked as a reward. 
These findings are reflected in imaging results which revealed that positive 
feedback elicited higher activations in the putamen and the amygdala as 
compared to negative as well as “neutral” feedback. Thus, results confirm that 
the dorsal striatum as well as the amygdala are involved in the neural 
processing of performance feedback in both younger and older adults. 
It has been shown that the dorsal striatum is involved in reward delivery (e.g., 
Delgado et al., 2000; Knutson et al., 2000). On the other hand, it has been 
suggested that the dorsal striatum rather responds to the reinforcement of an 
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action which is contingent upon behavior than to reward delivery itself (Delgado, 
2007). In each case, behavioral as well as imaging results in the present study 
support our hypothesis that performance feedback works as a reward and elicits 
striatal activation. The amygdala is associated with the processing of the 
emotional valence of stimuli (Baxter & Murray, 2002; Everitt et al., 2003) and is 
known to have connections to the striatum (Groenewegen et al., 1999). 
Therefore, the stronger amygdala activation in positive feedback processing 
might be due to a coding for emotional valence.  
Our results are in line with a recent study (Bischoff-Grethe et al., 2009) in which 
it was also found that positive feedback elicited higher activation as compared 
to negative and uninformative feedback in both the putamen and the amygdala. 
Somewhat unexpectedly, our “neutral” feedback condition elicited higher 
putamen activation than the negative feedback condition although “neutral” 
trials were not supposed to be rewarding. This might be explained by the fact 
that our “neutral” feedback condition was not always perceived as neutral. 
Participants reported that they were glad to receive “neutral” feedback after a 
subjectively slow response and disappointed after a subjectively fast response. 
Therefore, the “neutral” feedback was a mixture of positive and negative 
feedback and thus elicited stronger reward-related activations than negative 
feedback. It should be noted that our “neutral” feedback was not contingent on 
behavior, but completely randomized. Thus, the stronger dorsal striatal activity 
seems not to be associated with the reinforcement of behavior, but rather with 
reward delivery itself which contradicts the suggestion that the dorsal striatum 
responds to behavior-reward contingency (Delgado, 2007). 
In addition to reward-related activations, positive feedback elicited stronger 
activation as compared to negative feedback in the visual cortex, indicating 
enhanced visual processing of stimuli, and in areas associated with the 
planning of movements (BA 6/ 8). Additionally, stronger thalamus activations 
were found which might be involved in the integration of feedback processing 
and the preparing of faster reactions after positive feedback. These additional 
task-related activations reflect the behavioral results which showed that after 
positive feedback, reaction times marginally improved in younger as well as 
older adults. 
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Taken together, it was shown that performance feedback can serve as a reward 
in younger as well as older adults. Despite a slower information processing 
system, older adults were still able to improve their performance due to positive 
performance feedback. Imaging results supported roles for the striatum and the 
amygdala in performance feedback processing. As no difference in reward-
related processing of performance feedback was found between younger and 
older adults, it can be inferred that both younger and older adults process 
performance feedback similarly. Activations found in the dorsal striatum seem to 
be associated with the processing of reward delivery rather than behavior-
reward contingency. Stronger neural activations in older adults as compared to 
younger adults appear to reflect task-specific demands and point to 
compensatory recruitment of areas associated with increased visual and 
premotor processing. 
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4 General Conclusion and Future Perspective 
The findings presented in this thesis elucidate the influence of performance 
feedback on behavioral and neural correlates in younger and older adults. From 
the first study, it can be concluded that performance feedback not necessarily 
has a positive influence on executive control performance and that age should 
be considered when applying feedback interventions. Future studies concerning 
different sorts of feedback interventions with higher frequencies and stronger 
valence are needed to clarify the requirements that need to be met in order that 
older adults may profit from feedback. 
Furthermore, it should be taken into account that executive control can be 
divided into several subprocesses which might be differentially influenced by a 
feedback intervention. It can be suggested that if feedback is to be included in a 
cognitive training intervention for older adults, the validation should be carried 
out with the particular age group. In case that feedback does not have a positive 
influence on the respective task, other approaches for the reduction of potential 
deficits such as the application of compensation strategies to perform a task 
should be considered in the development of cognitive training programs for 
older adults. 
In the second study, a feedback intervention with high frequency after each trial 
and stronger valence was applied as compared to the first study. Results 
showed that the behavioral and neural processing of positive and negative 
performance feedback is preserved in older adults. Thus, high frequency and 
strong valence seem to be conditions under which older adults are also able to 
profit from performance feedback. It was demonstrated that positive 
performance feedback can serve as a reward in the elderly as well as in 
younger adults. These results have important clinical implications for 
intervention studies aimed at the improvement of cognitive performance in older 
adults. While extrinsic reward such as money is rather unsuitable as an 
application in cognitive training, performance feedback with high frequency and 
valence can easily be implemented in training procedures and seems to tap a 
neural mechanism that is relatively preserved in older adults.
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5 Summary 
Executive control is critical for the goal-directed regulation of our behavior. One 
example is performance feedback processing which we can utilize to adjust 
behavior and improve performance. The current thesis comprises two studies 
that investigated the influence of performance feedback in younger and older 
adults. 
In the first study, our aim was to investigate feedback effects in an executive 
control task, i.e., the flanker task, in a group of younger adults and replicate the 
findings in a group of older adults. Performance feedback significantly improved 
executive performance in younger adults at the expense of errors. In older 
adults, feedback also led to higher error rates, but in contrast had no significant 
effect on executive performance. This was probably due to stronger interference 
between the flanker task and the feedback intervention. Results indicate that 
executive functions can be positively influenced by performance feedback in 
younger adults, but not necessarily in older adults. 
The aim of the second study was to examine whether performance feedback is 
processed similarly in younger and older adults on a neuronal level and if 
differential aging effects can be found for positive and negative performance 
feedback. For this purpose, we used event-related fMRI in the flanker task 
providing performance feedback after each trial. Although younger and older 
adults differed in task-related activation, they showed comparable reward-
related activation due to feedback. Positive performance feedback elicited the 
strongest striatal and amygdala activation which was behaviorally reflected in 
slightly faster reaction times in both age groups. These findings suggest that 
performance feedback serves as a reward in younger as well as older adults. 
Taken together, both studies of the present thesis demonstrated that 
performance feedback has an influence in younger as well as older adults. As 
the feedback effect is not always comparable between younger and older 
adults, age should be taken into account when developing cognitive training 
programs including feedback interventions. As it was demonstrated that 
frequent positive performance feedback can serve as a reward in the elderly, 
feedback interventions with high frequency and strong positive valence are 
recommended for cognitive training procedures.
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6 Deutschsprachige Zusammenfassung 
Um unser Verhalten zielgerichtet zu regulieren, benötigen wir exekutive 
Kontrolle. Ein Beispiel für eine solche exekutive Kontrolle ist die Verarbeitung 
von leistungsbezogenem Feedback, das dabei helfen kann, unser Verhalten 
anzupassen und unsere Leistung zu verbessern. Die vorliegende Arbeit 
beschäftigt sich in zwei Studien mit der Wirkung von leistungsbezogenem 
Feedback bei Jüngeren und Älteren. 
In der ersten Studie wurden Feedbackeffekte in einer exekutiven 
Kontrollaufgabe, der sogenannten Flankeraufgabe, bei je einer Gruppe von 
Jüngeren sowie Älteren untersucht. Leistungsbezogenes Feedback verbesserte 
signifikant die exekutive Leistung bei Jüngeren auf Kosten von Fehlern. Bei den 
Älteren führte Feedback ebenfalls zu einer erhöhten Fehlerrate, allerdings ohne 
einen Einfluss auf die exekutive Leistung. Dieses Ergebnis lässt sich auf eine 
vermutlich stärkere Interferenz zwischen der Flankeraufgabe und der 
Feedbackverarbeitung bei Älteren zurückführen. Insgesamt konnte gezeigt 
werden, dass exekutive Kontrolle bei Jüngeren positiv durch Feedback 
beeinflusst werden kann, während dies nicht notwendigerweise für Ältere gilt. 
In der zweiten Studie sollte mittels fMRT erforscht werden, ob 
leistungsbezogenes Feedback bei Jüngeren und Älteren auf neuronaler Ebene 
ähnlich verarbeitet wird und ob es differentielle Alterseffekte bei der 
Verarbeitung von positivem und negativem Feedback gibt. Während der 
Bearbeitung der Flankeraufgabe wurde nach jedem Durchgang 
leistungsbezogenes Feedback dargeboten. Obwohl sich Jüngere und Ältere in 
aufgabenbezogenen Aktivierungen unterschieden, zeigten sie vergleichbare 
Aktivierungen im Belohnungssystem. Positives Feedback führte zu den 
stärksten Aktivierungen im Striatum und der Amygdala, was sich auf der 
Verhaltensebene in geringfügig schnelleren Reaktionszeiten widerspiegelte. 
Diese Ergebnisse deuten darauf hin, dass Feedback bei Jüngeren und Älteren 
als Belohnung fungiert. 
Beide Studien zeigen, dass leistungsbezogenes Feedback bei Jüngeren sowie 
Älteren wirkt. Allerdings sollte das Alter berücksichtigt werden, wenn es um die 
Entwicklung von Trainingsprogrammen mit Feedback geht. Da häufiges 
positives Feedback als Belohnung fungierte, empfehlen sich 
Feedbackinterventionen mit hoher Frequenz und stark positiver Valenz.
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